This study was designed to analyze the influence of polymorphisms in CYP2C9, VKORC1, CYP4F2, GGCX, and EPHX1 genes on the optimal warfarin dosage in patients who have undergone artificial heart valve replacement and establish an algorithm for use by physicians in Southeast China to predict each patient's optimal steadystate warfarin dose. One-hundred and ninety-six patients scheduled for heart valve replacement in Southeast China were enrolled in this study. Five genotypes, CYP2C9, VKORC1, CYP4F2, GGCX and EPHX1, were detected using time-of-flight mass spectrometry. Correlations of clinical and genetic factors with optimal steady-state dose of warfarin were analyzed. There were significant correlations between the genotypes of CY2C9, VKORC1, CYP4F2 and the warfarin dosage (P = 0.000, 0.000 and 0.015). Multiple stepwise regression analysis was performed to obtain the following algorithm: the observed differences in optimal warfarin dosage among the enrolled patients. A retrospective validation study comparing this algorithm with the published algorithms used in patient populations of other races revealed that the obtained algorithm had the best accuracy (The smallest MRE: 21.11 ± 19.08 mg/day) and applicability (the largest RE proportion of patients in ideal rang: 58.3%). This study 1) defined the relative contributions of age, body surface area, and polymorphisms in CYP2C9, VKORC1, and CYP4F2 to the optimal steady-state dosage of warfarin; 2) established a dose prediction algorithm for populations in this region that takes into account the clinical, pharmacological and genetic polymorphism data; and 3) clarified the advantages of this algorithm over the established prediction equations. Our algorithm can assist clinicians in Southeast China in prescribing appropriate anticoagulation therapy.
the observed differences in optimal warfarin dosage among the enrolled
INTRODUCTION
A mechanical heart valve is treated as a foreign substance by the human body, which increases the risk of thrombus formation that can block the valve leaf and impair valve function. In severe cases, this can cause heart failure or sudden death. If a clot breaks free from the primary site of formation at the mechanical valve, it can cause an embolism in functional organs or tissues, resulting in hemiplegia, aphasia, pulmonary embolism, lower limb arterial embolism, and other problems. Anticoagulation therapy is thus very important after heart valve replacement. Warfarin is currently the only oral anticoagulant administered after replacement of a mechanical heart valve. Normalization of anticoagulation therapy with this drug is an important step to improve the quality of life of the patients. Large differences in effective dose between individuals, a narrow therapeutic window (an inadequate dose can easily result in thrombosis, whereas an overdose easily leads to hemorrhage), interactions with foods and other drugs, the requirement for frequent monitoring of each patient's international normalized ratio (INR), and poor patient compliance complicate the clinical application of warfarin. Certain genetic polymorphisms have been shown to affect the required therapeutic dose of warfarin. These include polymorphisms in the genes VKORC1, CYP2C9 (Alrashid et al., 2016) , CYP4F2, GGCX, and EPHX1 (Liu et al., 2015; Sun et al., 2015 Sun et al., , 2016 Wakamiya et al., 2016) .
The Food and Drug Administration (FDA) has updated warfarin labeling twice, prompting physicians to consider the presence of genetic polymorphisms in cytochrome P450 protein 2C9 (CYP2C9) and vitamin K epoxide reductase complex subunit 1 (VKORC1) when selecting a patient's initial dose of warfarin therapy. A recent, multi-center, large-sample study showed that genotype-guided warfarin dose selection was superior to dose selection guided by clinical data (Pirmohamed et al., 2013) . In particular, genotype-guided dose selection increased INR-in-target-range time, which strongly supports the value of gene-guided warfarin dose prediction. However, these genetic polymorphisms can only explain the differences in effective dose in 30-60% of the individuals receiving warfarin (Sconce et al., 2005; Gage et al., 2008; Wen et al., 2008; Huang et al., 2009; Klein et al., 2009; Ohno et al., 2009) . It is also necessary to consider the patient's body surface area (BSA), liver and kidney functions, other medications taken, and other factors in selecting the appropriate dose. This requires a dose prediction method that considers both the genetic and clinical factors to guide the clinical use of warfarin. In China, no representative warfarin dose algorithm has yet been adopted for clinical application. This study establishes an equation for optimizing warfarin dosage in patients in Southeast China, and compares it with other published algorithms. The objective of this study was to identify the most suitable method for providing guidance to physicians in establishing warfarin dosage for patients who have undergone surgical replacement of a mechanical heart valve in Southeast China.
MATERIAL AND METHODS

Study subjects
One-hundred and ninety-six patients who underwent mechanical heart valve replacement surgery in a third-level grade-A hospital in Fuzhou between February 2013 and October 2013 and met the inclusion criteria for this study were selected. This study was conducted in accordance with the declaration of Helsinki. This study was approved by the Ethics Committee of Fujian Medical University. Written informed consents were obtained from all participants.
Inclusion criteria: 1) patient aged ≥18 years at the time of enrollment; 2) patient receiving warfarin therapy and dose optimization for the first time as a result of their valve replacement surgery; and 3) patient agreeing to participate in this study and sign the informed consent form.
Exclusion criteria: 1) continuous abnormal liver and kidney functions; 2) congestive heart failure; 3) thyroid dysfunction; 4) coagulation disorders; 5) cancer; and 6) pregnant or currently breastfeeding patients.
Data collection
1) Demographics: The data on gender, age, height, and weight of each patient were collected from the hospital information system. BSA was calculated as follows: BSA (m 2 ) = 0.61 × height (m) + 0.0128 × body weight (kg) -0.1529. 2) Clinical indicators: hypertension, diabetes, smoking, and drinking. 3) Gene polymorphisms: CYP2C9*3, VKORC1-1639A/G, cytochrome P4504F2 (CYP4F2) rs2108622 (T > C), GGCX rs12714145 (T > C), and EPHX1 rs4653436 (A > G). 4) Steady-state dose of warfarin: the warfarin dose at which the INR values remain within the target range over two consecutive measurements ≥7 days apart, with little fluctuation in the previous tests except for extenuating circumstances.
Gene detection method
Venous blood (2-3 mL) was drawn from each patient, placed in an ethylenediaminetetraacetic acid (EDTA)-containing tube, and stored at 4°C. Whole blood DNA was extracted using a whole blood genomic DNA rapid extraction kit (centrifugal column), (Beijing BioTeke Corporation, Beijing, China.) A time-of-flight mass spectrometry platform (Sequenom) was used for genotyping (BioMiao Biological Technology (Beijing) Co., Ltd., Beijing, China).
Anticoagulation programs
Anticoagulant standards: Expected INR values for aortic valve replacement patients ranged from 1.5 to 2.0, whereas those for mitral or mitral and aortic bi-valve replacement patients were 1.7 to 2.3, and those for tricuspid valve replacement patients were 2.0~2.5. For all patients, the values were expected to fall between 1.5 and 2.5. Dose adjustment: If the INR value decreased below 1.5 for four consecutive days, the dose would be increased. However, if it showed an upward trend at the predicted optimum dosage, appropriate reduction should be performed. If it was higher than 2.5, the dose would be reduced. Increase and decrease in dose were performed in increments of 0.625 mg/day or 0.75 mg/day (1/4 tablet).
Monitoring of INR
Each patient's INR was measured every other day in the hospital and after the patient was discharged. When a patient's INR was within the target range over two consecutive measurements, the frequency of monitoring was extended to twice per week. When a patient's INR was again within the target range over two consecutive measurements, the frequency of monitoring was extended to once per week. By the same criterion, the frequency of monitoring was reduced to once per two weeks, then once per month, and once every two months. The detection interval did not exceed two months. If the INR fluctuated, the frequency of monitoring was increased.
Model selection and validation
We screened the published literature for foreign and domestic warfarin dose algorithms used to predict the optimal steady-state dose of warfarin for individual patients. The accuracy and applicability of each model were then evaluated, respectively, and compared with those of the model developed in this study.
Evaluation of accuracy: The mean relative error (MRE) was considered the main outcome indicator, and was defined as the mean value of the relative error (RE). RE = |Predicted dose -actual dosage| / actual dose × 100%.
Comparison of clinical applicability: The proportion of patients with RE within ± 20% (ideal RE range) was compared between the groups (Finkelman et al., 2011; Shin and Cao, 2011; Liu et al., 2012) .
Statistical analysis
SPSS17.0 statistical software was used for the related statistical processing.
RESULTS
Basic patient information
Seventy-two of the enrolled patients were men, and 124 patients were women. The age of the enrolled patients ranged from 18 to 72 years, with an average age of 48.87 ± 11.65 years. The height of the patients ranged from 1.38 to 1.85 m, with an average height of 1.61 ± 0.08 m. Body weight ranged from 33 to 92 kg, with an average body weight of 56.60 ± 10.54 kg. Fourteen of the 196 patients exhibited CYP2C9 mutation, all of whom harbored *1/*3type mutation. Twenty-eight patients exhibited a mutation in VKORC1 -1639 C > T, of whom 2 patients were homozygous and 26 patients were heterozygous. Ninety-three patients exhibited a mutation in CYP4F2 rs2108622, of whom 15 patients were homozygous and 78 patients were heterozygous. Mutations in GGCX rs12714145 and EPHX1 rs4653436 were observed in 119 and 80 patients, respectively. Thirty-four patients had their aortic valve replaced, and 154 had their mitral valve or both mitral and aortic valves replaced. Eight patients had their tricuspid valve replaced. Genotyping results and valve types are shown in Table 1 . The stablestate dose of warfarin was 3.18 ± 1.19 mg/day. Influence of CYP2C9, VKORC1, and CYP4F2 polymorphisms on steady-state dose
As shown in Table 2 , the average steady-state dose in the patients with CYP2C9*1/*3 was 1.04 mg/day less than that in the patients with the *1/*1 genotype (P < 0.05). No patients with CYP2C9*3/*3 genotype were reported. The average steady-state dose in the patients with VKORC1-1639 TT wild homozygous genotype was 1.72 mg/day less than that in CT genotype patients (P < 0.05), and 4.34 mg/day less than that in CC genotype patients (P < 0.05). The homozygous CYP4F2 gene polymorphism had a significant effect on the steady-state warfarin dose (P < 0.05); however, there was no significant difference in steady-state dose between patients with wild-type CYP4F2 and those with mutant heterozygous type CYP4F2 (P > 0.05). 
Steady-state dose of warfarin in different genotypes
To compare patients with simultaneous mutations in two genotypes and those with single gene mutation, different genotypes were grouped, as shown in Table 3 . As shown in Tables 2 and 3 , the highest average steady-state dose was reported in the patients harboring VKORC1 CC type (7.25 ± 1.41 mg/day), followed by those with F + V type (5.38 ± 1.52 mg/ day). Both doses were significantly higher than that reported in the patients harboring the wild type (P < 0.05). On the contrary, the dose of the F + C type group was significantly lower than that of the patients in group A (P < 0.05). However, the doses used of the patients in groups C + V and A were not significantly different (P > 0.05). Figure 1 compares the average steadystate doses among all groups. 
Establishing a prediction equation by multiple linear regression analysis
The K-S (Kolmogorov-Smirnov) normal distribution test showed that the steadystate doses were not normally distributed (P < 0.05). When the data were log-transformed, the results were normally distributed (P > 0.05); therefore, the following analysis used the logarithmic steady dose [ln (Dose)] as the dependent variable, as shown in Figure 2 . 
Inclusion of published model algorithms
This study included 11 published dose prediction algorithms: the dose formulas of the USA and European countries: Sconce, Wells, Zambon; the Asian dose formulas: Zhu, Huang, Wen, Ohno, Miao, Wei; the mixed-race dose formulas: Gage and IWPC. Formulas are shown in Table 4 .
Evaluation of accuracy
The comparison between the MRE values of the predicted doses and those of the actual steady-state doses is shown in Table 5 . The present algorithm showed better predictive accuracy in the populations included in this study. The doses predicted by Wen, Wei, Zhu, and Huang algorithms were also accurate, whereas those predicted by Wells, Miao, and Sconce algorithms were poor.
Evaluation of clinical applicability
To further evaluate the clinical applicability of each algorithm, the proportion of patients with RE within ± 20% (ideal RE range) was compared between the groups. The results are shown in Table 5 .
The present algorithm exhibited the largest proportion of patients with INR values within the desired range (58.3%), followed by Ohno (56.8%), Wen (54.2%), and Huang (52.1%). Sconce algorithm (83.9%) was the most likely to underestimate the dose, followed by Miao (75.5%).
DISCUSSION
Influence of clinical factors on steady-state dose of warfarin
Personalized medicine is becoming a medical reality, wherein important genotype- phenotype relationships are being unraveled. The availability of pharmacogenomic data is a key element in individualized health care (Liboredo and Pena, 2014) . Zhu et al. (2007) took into consideration the influence of gender in a warfarin administration program. They have shown that the dose of warfarin required for male patients is lower than that required for female patients. However, most other studies have not suggested that the gender has a significant influence on the steady-state dose of warfarin. Results of this study also showed that the gender had no significant effect on the steady-state warfarin dose. The influence of age was much more significant. With increasing age, the sensitivity of patients to warfarin increases (Saleh, 2016) . It was reported that every additional 10 years of age would reduce the steady-state dose of warfarin by 8% (Gage et al., 2004) . This might be because the liver and kidney functions in the elderly are weaker than those in younger and middle-aged people; thus, the activity of the drug-metabolizing enzymes and metabolism of warfarin decrease with age, resulting in a reduction in the required warfarin dose (Shepherd et al., 1977) . The results of this study also showed that the required warfarin dosage decreased with increasing age.
This study did not include patients aged <18 years. One study that examined 118 juvenile patients, aged 0-18 years, with heart disease (Moreau et al., 2012) showed that the height, target INR values, and VKORC1 and CYP2C9 polymorphisms were the major factors that determine the maintenance dose of warfarin, with 48.1, 4.4, and 18.2, and 2.0% contribution, respectively. Another study on 0-to 18-year-old juvenile patients (Biss et al., 2012) also showed that the BSA, height, weight, age, and polymorphisms of VKORC1 and CYP2C9 genes significantly affected the warfarin dose, among which the BSA and height were the most accurate predictors of warfarin dose. The maintenance dose of warfarin in pediatric patients is mainly affected by height, followed by the gene polymorphisms. In 0-to 18-year-old patients, differences in height and BSA are more obvious. The liver size is positively correlated with the height and/or BSA. With increase in height or BSA, the liver becomes larger, leading to increased clearance rates of warfarin (Takahashi et al., 2000) .
Height, body weight, and BSA are often included in the dosing regimens as minor factors (Klein et al., 2009 ). The BSA is calculated from the height and weight. As the height, weight, and BSA increase, the steady-state dose of warfarin also increases. Not all studies confirmed the effect of BSA on warfarin dose. Some studies (Wen et al., 2008; Ohno et al., 2009; Zambon et al., 2011) suggested that a higher BSA correlated with a higher steady-state dose of warfarin. Other studies (Sconce et al., 2005; Miao et al., 2007) suggested that the BSA had no effect on the steady-state dose of warfarin. The regression model used in this study incorporated the BSA; however, the results of this study showed no significant effects of height, weight, and BSA on the steady-state dose of warfarin (P > 0.05). This might be because the differences in height, weight, and BSA in this study were not large, and these relatively small differences did not correlate with a measurable difference in dosage within the sample size used in this study.
The disease, smoking, and drinking status of patients might affect the steadystate dose of warfarin. Wen et al. (2008) incorporated the effects of hypertension into the prediction formula; however, the relevance analysis indicated that hypertension did not have a statistically significant impact on the steady-state dose although the predicted dose in patients with hypertension was 0.269 mg/day less than that in non-hypertensive patients. The results of this study showed that the average warfarin dose in patients with hypertension was 0.21 mg/day lower than that in non-hypertensive patients, which is consistent with the findings of Wen et al. (2008) . The effects of hypertension and diabetes mellitus on steady-state warfarin dose were not clear, which might be related to the effect of the combination therapy with antihypertensive drugs (including diuretic antihypertensive drugs) and hypoglycemic agents. In this study, drug interactions were not considered as influencing factors. In addition, alcohol has biphasic effects on the liver drug-metabolizing enzymes. High concentrations might inhibit these enzymes, thus increasing warfarin half-life, whereas long-term alcohol intake often induces the enzyme expression, thus reducing warfarin half-life.
Impact of genetic factors on steady-state dose of warfarin
CYP2C9 is a warfarin-metabolizing enzyme, and VKORC is a target protein of warfarin action. The influence of CYP2C9 and VKORC1 polymorphisms on warfarin dose has already been confirmed. CYP2C9 mutation leads to decreased enzyme activity, consequently, decreasing the clearance rate of warfarin and reducing its required dose. VKORC1 mutation leads to increased enzyme activity, which activates the coagulation factors and accordingly increasing the required warfarin dose. The results of this study showed that the average dose in the patients harboring *1/*3-type CYP2C9 was approximately 32.8% lower than that in the patients harboring *1/*1-type CYP2C9, whereas *3/*3-type CYP2C9 was undetected. The mean dose in the patients with VKORC1 heterozygous mutations was 0.5-fold greater than that in the patients who were homozygous for the wild-type allele, whereas patients with VKORC1 homozygous mutations required approximately 1.5-fold higher dose than those with the wildtype allele, which indicated that the homozygous genotypes had greater impact on warfarin dose than the heterozygous ones. Patients with both CYP2C9 and VKORC1 mutations showed no significant difference in their steady-state dose, compared to those with wild-type allele, which might be because the dose-reducing effects of CYP2C9 polymorphism and the doseincreasing effects of VKORC1 mutation were neutralized; therefore, the final dose was not significantly different from that reported for the patients with the wild-type alleles. The FDA recommends that patients with both CYP2C9 and VKORC1 mutations take the same dose as the patients with the wild-type alleles do, which is consistent with the results of this study. Because this study only included three patients with both CYP2C9 and VKORC1 mutations and the sample size was small, this conclusion is yet to be verified.
The influence of CYP4F2 mutations on warfarin dose varies among different ethnic groups (Shendre et al., 2016) . Perini et al. (2010) studied a mixed population and reported no significant effect of CYP4F2 polymorphism on warfarin dose, which contradicts with the results of two studies conducted on Chinese populations (Cen et al., 2010; Li et al., 2012) . The results of this study showed that CYP4F2 had a significant effect on warfarin dose. CYP4F2 mutations might increase the required dose of warfarin, which is consistent with that reported by Cen et al. (2010) and Li et al. (2012) . The heterozygous mutations of CYP4F2 had little influence, whereas the homozygous mutations of CYP4F2 could significantly influence the steady-state warfarin dose.
The steady-state dose of warfarin in patients with both CYP4F2 and VKORC1 mutations was not significantly different from that in patients with only VKORC1 mutation and those with both CYP2C9 and VKORC1 mutations, indicating that among the patients with VKORC1 mutations, the effects of mutations in other sites were concealed. Meanwhile, VKORC1 mutation conferred an advantage. Singh et al. (2011) has reported that CYP4F2 polymorphism affects warfarin dose, whereas VKORC1 mutation does not.
No significant difference in warfarin dose was observed between GGCX rs12714145 (T > C) and EPHX1 rs4653436 (A > G) genotypes in this study population, which is consistent with that reported by Rieder et al. (2007) , Liang et al. (2013) , and Issac et al. (2014) .
Evaluation of accuracy and clinical applicability
This study established a warfarin dose prediction model for patients recovering from mechanical heart valve replacement in Southeast China, and compared its accuracy and clinical applicability with those of the domestic and internationally established published models. Low accuracy increases the probability of prescribing a wrong dose. Predictions that result in high dosage would cause bleeding in patients. However, predictions that result in low dosage can put the patients at a high risk of thrombosis. Therefore, the prediction accuracy of the model is very important, particularly for patients with gene mutations. Table 5 shows that the present algorithm had the best prediction accuracy in this study population, whereas the Asian model algorithms, excluding Miao et al.'s (2007) algorithm, were also accurate. The clinical applicability of the model is reflected by the control of INR after using the predicted dose. All algorithms showed a poor ability to predict the correct dose in this study population (<60%). The present algorithm had the best prediction capability in this study population, followed by the Asian population models, such as Ohno, Wen, and Huang algorithms, whereas Gage and IWPC algorithms of mixed populations and the algorithm used in Caucasian populations had poor applicability in this study population. Comparison of the models suggested that the race affected the prediction accuracy of the steady-state warfarin dosage. The algorithms belonging to the Asian populations had better accuracy and clinical applicability in Chinese patients. In addition, the sensitivity of the Asians to warfarin was higher than that of the Caucasians. Thus, the required dose of warfarin in the Asians was lower, and this study used low-intensity anticoagulation therapy; therefore, the Caucasian algorithms and mixed-population algorithms, such as Wells, Zambon, Gage, and IWPC algorithms, which are used mainly for white people, might predict a higher dose in this study population. Because warfarin dose was influenced by Vitamin K intake, race and regional dietary differences might lead to individual differences in warfarin dose; therefore, the dose predicted by Wen, Huang, Wei, and Ohno algorithms was relatively closer to the actual dose. However, the prediction capabilities of Wen, Huang, and Ohno algorithms were better than that of Wei algorithm. The subjects of both the present algorithm and Miao et al. (2007) 's algorithm were from the Chinese Han population, and the predicted dose was relatively low. This might be related to the difference in indication of the included subjects and the INR control. Overall, the accuracy and clinical applicability of the present algorithm were superior to those of the other algorithms used for the population in the studied region.
CONCLUSIONS
This study established the usefulness of a genetic pharmacology-based warfarin dose prediction algorithm for the populations of Southeast China, and proved its superiority in these populations. This study still has some limitations. First, it included only populations limited to Southeast China. Whether the obtained model can be applied in populations of different regions remains to be verified. Second, this study used a retrospective rather than a predictive approach. Whether the predicted dose of each algorithm can guide the patients and the effect was not known. In the future, we look forward to using the model developed in this study for
